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ABSTRACT 

We present a comprehensive study of accretion activity in the most underdense environments in the 
universe, the voids, based on the SDSS DR2 data. Based on investigations of multiple void regions, 
we show that Active Galactic Nuclei (AGN) are definitely common in voids, but that their occurrence 
rate and properties differ from those in walls. AGN are more common in voids than in walls, but 
only among moderately luminous and massive galaxies {Mr < —20, log M^/M© < 10.5), and this 
enhancement is more pronounced for the relatively weak accreting systems (i.e., ipiii] < 10'^^ erg 
s~^). Void AGN hosted by moderately massive and luminous galaxies are accreting at equal or lower 
rates than their wall counterparts, show lower levels of obscuration than in walls, and similarly aged 
stellar populations. The very few void AGN in massive bright hosts accrete more strongly, are more 
obscured, and are associated with younger stellar emission than wall AGN. These trends suggest that 
the accretion strength is connected to the availability of fuel supply, and that accretion and star- 
formation co-evolve and rely on the same source of fuel. Nearest neighbor statistics indicate that the 
weak accretion activity (LINER-like) usually detected in massive systems is not influenced by the local 
environment. However, H lis, Seyferts, and Transition objects are preferentially found among more 
grouped small scale structures, indicating that their activity is influenced by the rate at which galaxies 
interact with each other. These trends support a potential H ii^Seyfert/Transition Object^LINER 
evolutionary sequence that we show is apparent in many properties of actively line-emitting galaxies, 
in both voids and walls. The subtle differences between void and wall AGN might be explained by a 
longer, less disturbed duty cycle of these systems in voids. 

Subject headings: cosmology: large-scale structure of the universe - galaxies: active — galaxies: emission 
lines — methods: statistical 



1. INTRODUCTION 

T he regions that are apparently de void of galax- 
ies ([Kirshner et al. Ill98ll ) and clusters (jEinasto et al. I 
|1980() . the voids, are arguably the best probes of the 
effect of the environment and cosmology on galaxy for- 
mation and evolution. If, as suggested by the standard 
cosmological paradigm, structure in the present-day uni- 
verse formed through hierarchical clustering, with small 
structures merging to form progressively larger ones, 
galaxies in the currently most underdense regions must 
be the least "evolved" ones, as they must have formed 
at later times than those in the dense regions. There- 
fore, void and cluster galaxies must follow different evo- 
lutionary paths. Disturbing processes like stripping and 
harassment, that operate preferentially in crowded envi- 
ronments, should occur rarely in voids. Studies of the 
properties of the void galaxies, in contrast to those in 
relatively crowded regions, or walls, should provide some 
of the strongest constraints for distinguishing the intrin- 
sic properties, which characterize a galaxy when it is first 
assembled, from properties that have been externally in- 
duced, over the whole history the universe: the "nature 
versus nurture" problem. 

Statistically significant conclusions regarding the dis- 



tinctness of the void galaxies relative to those in denser 
regions, the "walls" hereafter, emerged only recently, 
with the advent of large surveys such as SDSS and 2dF. 
Such data, and in particular SDSS, offered for the first 
time the possibility to find and analyse both photomet- 
rically and spectroscopically, large samples of extremely 
low density regions (i.e., Sp/p < —0.6 measured on a 
scale of 7h~^ Mpc, Rojas et al. 2004, 2005), and allowed 
for accurate estimates of the v oid galaxy luminosity 
and m ass functions ( Hovle et al. ■ 2005; Goldberg c t alA 
l2005f ). These studies show that void galaxies are fainter, 
bluer, have surface brightness profiles more similar to 
those of late-type systems, and that their specific star for- 
mation rates are higher than those in denser regions. The 
mass and luminosity functions are found to be clearly 
shifted towards lower characteristic mass and fainter 
magnitudes (M*). Moreover, the faint end slopes of the 
wall and void luminosity functions are very similar which 
suggests that voids are not dominated by an excess pop- 
ulation of low-luminosity galaxies. Consistently, no sig- 
nificant excess in the amount of dark matter is apparent. 
This means that, although largely devoid of light, the 
most underdense regions conform to a galaxy formation 
picture which is clearly not strongly biased. 
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All these peculiarities demonstrate that the cos- 
mological evolution of void systems is different from 
that of those living in environments of average cos- 
mic densities. Given the tight correlations between 
the mass of black holes (Mbh) and the dispersions 
and the m asses of the gala.ctic bulges within which 
they r eside (IMagorrian et al. II 1998t IFerrarese fc: Merrit I 
I2OOOI: iGebhardt et al. I 120001: iMarconi fc Hunt I 120031) . 
one would then expect that the growth of massive BHs 
in galaxy centers (and therefore the accretion process 
within active galactic nuclei, AGN), also differs among 
distinct environs. Extension of environmental studies 
of AGN properties to extreme regions like cosmic voids 
is thus crucial to understand the co-evolution of galax- 
ies and their central BHs. Moreover, while there is 
general agreement that the growth of black holes must 
be closely related to galaxy assembly (le.g.. Silk fc Rees 



1998t iKauffmann fc Haehnelt |[2000l : iBegelman k Nath 



20051 ) ■ there is no consensus as to how exactly accre- 
tion and star formation are coupled. The void galaxies 
could be, arguably, the best test-bed for understanding 
whether these processes are synchronized, or precede one 
another, and whether feedback from the actively growing 
BHs facilitates star formation (e.g., by dynamically com- 
pressing gas clouds through radio jets), or suppresses it 
(e.g., by blowing away the gas). 

To date, studies of the spectral properties of the 
void AGN r emain limited to indiv idual voids, e.g., the 
Bootes void (jKirshner et al. Ifl981h . permitting the iden- 
tification of onl y a few AGN amo ng only a few dozen 
void galaxies (Cru zen et al. I [200^ . Quite surprisingly, 
such investigations find that the AGN fraction and their 
emission-line properties are similar in voids and in their 
field counterparts. Moreover, their associated stellar 
populations appear to share similar characteristics in the 
two extreme environs. The conclusions of these studies 
are based on small number statistics and do not however 
exclude the hypothesis that the void emission-line activ- 
ity, whether originating in star-formation or accretion, 
could be connected with, e.g., filaments within voids; 
such structures would provide local environs similar to 
those in the field. The present SDSS samples of voids 
and void galaxies offer us for the first time the possibil- 
ity to test and observationally constrain such ideas. 

It is important to note that previous investigations of 
the environmental dependence of nuclear activity in the 
relatively nearby universe do not reach the extreme spa- 
tial densities repr e sentat ive of voids. For example, in 
IKauffmann et al.1 (|2004D . the lowest density regions in- 
clude over 25% of the galaxies, which is more than 3 
times more galaxies than the true void regions encom- 
pass. Their conclusions are interesting, and an extension 
of such an investigation at truly low densities is clearly 
desirable. In particular, it is important to quantify the 
degree to which the finding that, at fixed stellar mass, 
twice as many galaxies host strong-lined AGN in low- 
density regions than in high, extends to cosmic voids. 
Our work provides such an analysis. 

We employ in this work the most accurately clas- 
sified samples of voids identified within SDSS to 
date, that yield ^ 10"^ void galaxies. Motivated by 
our recent study on the AG N clustering phenomena 
(jConstantin fc Vogelev I [20061 ). which shows that there 
are differences in the large scale structure of active galax- 



ies, and that their clustering amplitude correlates with 
their strength or rate of accretion, and possibly with 
the availability of fuel, we compare void and wall ac- 
tive galaxies of different types as classified based on their 
emission-line properties. Through such a comparison we 
aim to understand: 1) how the large and small-scale 
structures influence accretion onto their central black 
holes, and 2) to what degree AGN activity is triggered 
by interactions or mergers between galaxies. To answer 
these questions, we investigate the occurrence rate of dif- 
ferent types of spectrally defined AGN, and how their 
accretion activity relates to their associated black hole 
mass, the mass and the age of their associated stellar 
populations, host morphology, brightness, and nearest- 
neighbor distance. 

We organize the paper as follows. In Section |2| we 
present the void and wall sample selection, and the spec- 
tral classification we use in defining various types of ac- 
tively emitting galaxies. We compare and discuss the 
AGN occurrence rate in voids and walls, both globally 
and at fixed host properties in Section [31 We examine 
in Section |4|the accretion rates, the fuel supply, and the 
properties of the associated star-formation in void and 
wall actively line emitting systems, while in Section \5\we 
discuss potential differences in their small scale environ- 
ments. We summarize our findings in |6l and discuss the 
possible implications on the nature of the power sources 
in the low luminosity AGN, the AGN-host connection, 
and current models of galaxy formation. In particular, 
we show empirical evidence for a possible evolutionary se- 
quence that links different types of strong line-emitting 
galaxies defined based on their spectral characteristics. 
Throughout this work, unless otherwise noted, we as- 
sume flra = 0.3, fl\ = 0.7, and Hq — lOO/i km s^^ 
Mpc~^ 

2. THE DATA 

We employ for this study 10^ void galaxies identified 
from the large-scale structure samplelO, as described in 
the N YU Value-Added Galaxy Catalog (Blan ton et al. I 
20051). which is a subset of the SDSS Data Release 2 that 
Strauss et al. I ()2002l ) describe in detail. This sample cov- 
ers nearly 2000 deg^ and contains 155,126 galaxies. Tech- 
nical details about the photometric camera, photometric 
analysis and p hotometric system em ployed by SP SS can 
be found in ,Gunn et al. I (Il998,l. Lupton et al. I f2002,) . 
and iFukugita etliTl (I1996D and lSmith et al. I (|2002l ). re- 

describe the photomet- 
pr esent t he astrometric 



spectivelv. iHogg et al. 
ric monitor. iPier et al. 



calibration andlEisenstein et al. I (|2001h . IStrauss et al. I 



(2002) and lBlanton et al. I (|2003l) discuss the selection of 
the galaxy spect roscopic tiling. An overview of the SDSS 
can be found in lYork et aTl (|2000l ). 

The following subsections summarize the method of 
identification of void and wall galaxies, and their general 
properties. We present them in terms of emission-line 
activity and their classification in various species that 
reflect various degree of contribution from nuclear ac- 
cretion and star formation. Our spectral analysis uses 
measurements of absorption and emission line fluxes and 
equivalent widths (EW) drawn from a catalog built by 
the MPA/JHU collaboration^. In this dataset, the line 

^ publicly available at |http : //www.mpa-garchlng.mpg. de/SDSS/ 1 
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emission component is separated and subtracted from 
the total galaxy spectrum b ased on fits of stellar p opu- 
lation synthesis templates (jTremonti et al. II2004D . To 
relate the central BH accretion activity to the host prop- 
erties, we also use in this analysis stellar masses of galax- 
ies and two stellar absorption-line indices, the 4000A 
break strength and t he USa Balmer absorption -line in- 
dex, as calculated by iKauffmann et al. I (|2003cf ). A de- 
tailed analysis of many of these properties, and their rela- 
ti on to the AGN phe nomenon in particular, is presented 
in IKauffmann et al. I (|2004)- 

2.1. The Void Galaxy Sample 

Voids galaxies were identified using a nearest neighbor 
analysis to find galaxies that reside in regions of den- 
sity contrast with 6p/ p < —0.6 as measured on a scale 
of 7/i^^Mpc. Wall galaxies are then those objects for 
which 6p/ p > —0.6. T he void galaxy selection procedure 
is described in detail in lRoias et al. I (2004). Briefly, this 
method uses a volume-limited sample ( Zmin = 0.034, and 
Zmax = 0.089) of relatively bright galaxies {Mr < —19.5) 
to define the density field that traces the distribution 
of voids. From the flux limited sample that extends to 
this 2;max7 the galaxies with fewer than three neighbors 
in the volume limited sample, within a sphere of radius 
Ih^^Mpc, are flagged as belonging to voids while the 
rest of them are classified as wall galaxies. This proce- 
dure yields a sample of 1,010 void galaxies and 12,732 
wall galaxies. Objects that lie close to the edge of the 
survey have been discarded as it is impossible to accu- 
rately count the neighbors if they are not observed. 

Note that the density around void galaxies (pvg) is 
higher than the mean density of a void (pvoid) because 
galaxies are clustered and the few void galaxies tend to lie 
close to the edges of the voids. Our choice of density con- 
trast and nomenclature is consistent wi th studies of voids 
in other th ree-dimensional samples (jHoyle fc Vogelevl 
I2OO2I l2004f ) where individual void structures were iden- 
tified using an objective voidfinder algorithm that 
measures void sizes, average densities, and density pro- 
files. This procedure uncovers voids with typical radii 
of 12.5/i"^Mpc that fiU 40% of the Universe and have a 
mean density Sp/p < —0.9. The average density around 
the few galaxies in voids is typically Sp/p < —0.6 when 
measured on a scale of 7/i^^Mpc (the typical underden- 
sity for voids is Sp/ p ~ —0.78). Tests of such void-finding 
methods with c old dark matter sim ulations and semi- 
analytic models (jBenson et al. l[2003l ) indicate that such 
identifications and the locations of true voids are accu- 
rate in the distributions of both galaxies and mass. 

2.2. The Spectral Classification 

We identify and classify accretion sources and 
other types of active systems in the void and wall 
galaxy samples b ased their emission line proper- 
ties. Foll owing, le.g.. Baldwin. Phillips, fc TerlevichI 
dlQSlh . IVeilleux fc Ostcrbrock I (|1987D . a^^d 
IConstantin fc Vogelev I (2006.) . we employ a set of 
four line flux ratios to distinguish between sys- 
tems in which ionization is dominated by accretion 
and/or starlight: [O III]A5007/H/3, [N II]A6583/Ha, 
[S II]AA6716,6731/Ha, and [O I]A6300/Ha. Thus, we 

Brinchmann et al. |[200D 



select from the parent sample of galaxies a subset 
of strong emission-line sources that show signiflcant 
emission in all six lines used in the type classification 
(Ha, H/3, [O III],[N II], [S II], and [O I]), and a set 
of passive objects that show insignificant, if any, line 
emission activity. An emission feature is considered to 
be significant if its line flux is positive and is measured 
with at least 2a confidence. 

To classify the actively line emitting objects we employ 
the criteria proposed bv lKewlev et al. I (120061). Through 
their semi-empirical nature, the iKewlev et al~l ([2006|) 
separation lines match well with objects' locations in 
three diagnostic diagrams which combine pairs of the six 
lines mentioned above. Figure [T] illustrates these def- 
initions for cases where the line fluxes are constrained 
to > 2(7 accuracy, separately in voids and walls. The 
galaxies that show strong star-formati on activity, the H 11 
galaxie s, are those that lie below the IKauffmann et alTI 
(I2003cl ) curve (the dashed fine) in the [O III] /H/3 vs. 
[N II] /Ha diagram, and remain confined to the left 
wing of the point distribution in the other two diagrams 
as w ell. Objects s it uated above this curve but below 
the IKewlev et al. I (|2001t ) theoretical "maximum star- 
formation" line (continuous black line) are defined as 
Transition objects (Ts, or Composites). Galaxies whose 
line fl ux ratios place them above the Kewley et alTI 
l|200lh curves are those where the AGN component is 
considered to be dominant. The AGN are separated into 
Seyferts (Ss) and LINERs (Ls) by a diagonal (continuous 
blue line) that represents the best fit to the location of 
the minimum of the distributions in pairs of line ratios 
defining the [O III] / H/3 vs. [Sll1/Ha, an d [O III] /H/3 vs. 
[O I] /Ha diagrams (|Kewlev et al. 1120061 ). 

Even though we consider these criteria as the best ba- 
sis for categorizing the line-em itters, we test our results 
with respect to the lHo et al. I (jl997a) definition, for the 
sak e of compa r ison wi th previous works. Figure [l]shows 
the iHo et alTl ()1997a[ ) separation lines as as (green) dot- 
ted lines. There are some important differences be- 
tween these two classificatio n methods, some of which are 
briefly discussed by Kewley et al. I ([2006). Although the 
LINER samples remain at least 90% consistent in these 
two different definitions, a significant number of Seyferts 
and Transition objects change class. The Kewley et al. 
criteria classify quite a few Seyferts that would be defined 
by Ho et al. either as H lis or Ts based on their low ion- 
ization level, gauged by their [O III] /H/3 ratio. The num- 
ber of objects class if ied as Ts significantly increases with 
the IKewlev et al. I ()2006l ) method. However, many of 
these systems are clearly dominated by starlight, even if 
their emission embodies a pos sible accretion component. 
IConstantin fc Vogelev I ()2006D show that a large fraction 
of Ts defined based only on the [N II] /Ha diagram heav- 
ily populate the H II locus in the other two diagrams. 
The [S II] /Ha and [O I] /Ha line flux ratios are more sen- 
sitive to the type of ionization than [N II] /Ha, and there- 
fore better discriminators between accretion and stellar 
dominated excitation processes; hence, the AGN defini- 
tions based on the [O III] /H/3 vs. [N II] /Ha diagram 
should be regarded with caution. For the void galaxy 
sample, however, the separation between LINERs and 
Seyferts is practically independent of the chosen classifi- 
cation method; the sample is very small in size and the 
fraction of border-line objects is relatively low. 
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We note here that LINERs are not unambiguously 
considered to be AGN. Mechanisms alternative to ac- 
cretion onto a black h ole, like photoionizati on by hot , 
young stars (E ilippcnko fc Terlev ich 1992; Shi elds 1119921 : 
iBarth fc Shields 2000), clu sters of pla netary nebula nu- 
clei (Irani guchi. Shi ova. fc Muravama I [200Q ). or shocks 
(jPopita fc Sutherl and 1119951 ). have proved relatively suc- 
cessful in explaining the optical spectra of these sources. 
Particularly ambiguous in their interpretation are the 
Transition sources. It is not clear whether these objects 
are a "composite," with a LINER/Seyfe rt nucleus sur- 
round ed by star-forming region s, or n ot. [Shields et al. I 
(|2006l ) and IConstantin et al. 1 ()2007D show examples 
where this model does not work. Thus, we consider that 
among the narrow-line emitting objects only Seyferts are 
bona-fide AGN, and advise more caution in generalizing 
the term AGN. 

3. INCIDENCE OF AGN ACTIVITY 

We present here the results of a comparative anal- 
ysis of both photometric and spectroscopic properties 
of the void and wall galaxies. We consider separately 
various types of emission-line activity, whether domi- 
nated by star-formation, accretion, or a mix of them. 
In this section in particular, we compare the rate of oc- 
currence / detection of different types of emission-line ac- 
tivity in voids and walls, both globally and at fixed host 
properties. 

3.1. Global Frequencies 

We present in Table [1] the percentages of strong line- 
emitters (all 6 lines are detected) and subclasses of ob- 
jects relative to the whole void and wall galaxy samples. 
We list these numbers for definitions involving strictly 
high statistical significance in the line flux measurements 
(greater than 2 — cr level). We find that strong line- 
emission activity is clearly more common in voids than 
in walls. This difference seems to be accounted for by 
the difference in the rate of occurrence of H ii-type emis- 
sion. Objects of other types of spectral activity show 
equal or lower frequency in the most underdense re- 
gions relative to the crowded ones. That the fraction 
of H II galaxies in the void regions (32.8%) is signifi- 
cantly higher than in walls (20.8%) is consistent with 
previous spectroscopic studies of void galaxies indicating 
that their specific star for mation rates are h igher than 
in their wall counterparts (jRoias et al. 1120051 ). and with 
the findi ng that the H lis are less clu stered than other 
galaxies (jConstantin fc Vogelev |[2006l ). 

The systems whose spectra indicate the presence of 
an accreting black hole as an ionization source show 
a somewhat mixed behavior. While Seyferts seem to 
be equally represented in voids and walls (1.5%), their 
weaker counterparts, the LINERs, are present to a sig- 
nificantly smaller fraction in voids (2%) than in walls 
(4.1%). Although the samples of objects involved in this 
comparison are small, with only 20 LINERs in voids and 
510 LINE Rs in walls, the differenc e is sig nificant at more 
than 3-cr. IConstantin fc Vogelev I (|2006l ) show that LIN- 
ERs cluster more strongly than Seyferts, so the weaker 
representation of LINERs in the void regions is not sur- 
prising, and supports these results. The Transition ob- 
jects show an intermediate behavior between LINERs 
and Seyferts, being slightly less common in voids than 



in walls. These trends are somewhat expected based on 
their clustering properties as well, although the signifi- 
cance of this comparison is only at the 1.5 — a level. 

It is important to note that these trends are nearly in- 
dependent of the classification criteria. The drop in the 
fraction of LINE Rs from w a lls to v oids is only slightly 
larger using the iHo et al.~l (|1997aD classification, from 
1.8% (18 out of 996 void galaxies) to 4.4% (552 out 
of 12153 wall galaxies), confirming thus that this type 
of activity is not frequent in the lowest density regions. 
Even for the Tra nsition objects, wh ose d efinition varies 
the rn ost between iHo et alH ()1997a| ) and iKewlev et al. I 
(|2006l ). with the latter allowing for more objects that are 
either classified as H lis or remain unclassified by the 
first method, the fractions show the same trend, being 
higher in walls, and do not change by more than 5%. 
Thus, the resu l ts are consistent with those based on the 
iKewlev et al. I (|2006l) definition, and show that AGN ac- 
tivity is generally less common in voids than in walls. 

3.2. Frequencies at fixed Host Properties 

Because void and wall galaxies are characterized by 
quite differe nt distributions in their morphologies and 
luminosities (jRojas et al. Il2003 ). any possible variation 
in the AGN properties, including the frequency of their 
occurrence, could be related to such morphological dif- 
ferences. To examine these issues for our particular sam- 
ples, we present in Table [2] the median values for host r- 
band absolute magnitudes (Mr) and host concentration 
indices (C^ as a proxy for the morphological type) for 
void and wall line-emitting objects of different spectral 
types. Void hosts are clearly less luminous than their wall 
counterparts, by w 0.5 mag, although their morphologies 
are quite similar. There is no evidence for more late type 
systems (smaller C values) hosting actively line-emitting 
galaxies in voids than in walls. We will thus emphasize 
here a comparison of various emission properties at fixed 
host brightness. 

Figure ID illustrates the fractions in which Seyferts, 
Ls, Ts and H lis are detected in systems characterized 
by different Mr and C values. We also show here how C 
and the stellar mass (log M^/M©) are distributed as a 
function of for all these kinds of objects. Note that 
the stellar mass and the intrinsic brightness of galaxies 
correlate very well in both voids and walls. Thus, our 
investigation of AGN fractions and other emission-line 
properties at fixed brightness apply as well to the cor- 
responding bin in stellar mass. Throughout the paper, 
we will interchangeably characterize galaxies by stellar 
mass or absolute magnitude. The distribution of C as 
a function of Mr is generally flat given the errors, and 
there is no significant difference in the C values of void 
and wall systems at any given brightness. LINERs are 
an exception: the ones in walls show earlier type hosts 
at larger brightness while the ones in void exhibit the 
opposite trend, giving rise to significant differences in C 
between void and wall systems of a given Mr- 

When fractions are compared at fixed luminosity and 
fixed concentration index some interesting trends stand 
out. The most striking feature is that the objects that 

C = -R50 / R90 1 where R^o and -R90 are the radii from the center 
of a galaxy containing 50% and 90% of the Petrosian flux measured 
in r-band. 
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show signs of AGN activity, i.e., the Seyferts, Ls, and Ts, 
are clearly underrepresented among the most luminous 
or massive {Mr < -20, log M^/Mq > 10.5) hosts in 
voids. Among moderately bright, medium mass galax- 
ies (Mr ~ -20.5, log M^/Mq « 10.5), Seyferts appear 
more frequently in voids than in walls, while Ls and Ts 
are equally common in these different environs. For H lis, 
their frequencies among void galaxies are clearly higher 
than in wall galaxies, at almost all host brightnesses 
and morphologies. This result agrees well with previous 
findings of higher specific star formation rates in void 
galax ies relative to their wall counterparts (jRojas et al. I 
|2005| ) , with the general tendency of actively star- forming 
systems to be more common in the most underdense 
regions than in other environs, and in particular with 
the fact that H lis are less clu stered than other galaxies 
(jConstantin fc Vogelev 1120061) . 

It is noteworthy that Seyferts appear to favor different 
kinds of hosts in voids and walls. In voids, they con- 
centrate almost exclusively in galaxies with Mr ~ —20, 
spanning not more than an order of magnitude in their 
luminosities (—19.5 > Mr < —20.5). In walls, Seyferts 
prefer generally bright hosts. While the fraction of 
Seyferts in luminous wall systems increases at least 3 
times relative to that in fainter hosts, there are no de- 
tected void Seyferts at Mr < —20.5. On the other hand, 
where void and wall Seyfert galaxies overlap in bright- 
ness, Seyfert-like activity is more frequent in underdense 
regions than in more crowded environments. Finally, 
void Seyferts seem to prefer earlier type galaxies than 
those living in walls (there are no void Seyferts in galax- 
ies with C < 2.25). 

LINERs and Ts are peculiar as well; while their 
fractions among faint and moderately bright hosts are 
quite similar in voids and walls, they basically disappear 
among the bright void galaxies. The spike at Mr « — 22 
corresponds to the only void galaxy that exhibits this 
level of brightness. Thus, the large difference in the total 
fraction of LINERs between voids and walls is explained 
solely by the strong deficiency of such systems in lumi- 
nous hosts in underdense regions. A similar trend in the 
occurrence rate at fixed brightness is present among Ts, 
however, they seem to show peculiarities as a function of 
in their morphological type as well. Void Ts hosted by 
earlier type galaxies (C w 3) seem more frequent than 
the wall ones, but they are similarly common in void and 
wall hosts of late-type morphologies. This is interesting 
given that void emission-line systems are generally ab- 
sent among early-type hosts. 

There are only three actively line-emitting void galax- 
ies at Mr « —21. One object is spectrally classified as a 
T, while the other two remain unclassified because they 
do not comply simultaneously to the Seyfert-LINER sep- 
aration criteria in the diagrams involving [S II] and [O I] , 
and thus have properties that are somewhat intermediate 
between a Seyfert and a LINER. Even if these two objects 
are both Seyferts or both Ls, there is no statistically sig- 
nificant rise in the fractions of void AGN corresponding 
to this brightness range. The error bars of these frac- 
tions remain rather large; with either 2 Ls or 2 Seyferts 
in this absolute magnitude range, their fraction in voids 
would be 0.3% ± 0.3%. Thus, among bright galaxies, the 
relative fraction of accretion-dominated systems in voids 
and walls remains unconstrained. Moderately and less 



luminous void galaxies are however clearly more prone 
to hosting AGN than their wall counterparts. 

3.3. Frequencies and the Strength of Accretion Activity 

That void and wall galaxies host accretion activity 
to a different deg ree should not come as a surprise. 
iKauffmann et alTT (2004) showed that at fixed galaxy 
mass, the low-density regions host twice as many AGN 
as the high density ones. We find here, however, that 
such a trend extends to voids only for galaxies that are 
moderately bright and moderately massive {Mr ~ —20, 
10 < log M^/Mq < 10.5). Figure [2] shows that, while 
the fraction of galaxies containing strong AGN increases 
with brightness, and therefore with M^, in both voids 
and walls, it is clear that there is no statistically signif- 
icant surplus of any type of AGN in the most massive 
void galaxies relative to their wall co unterparts. 

For a more direct comparison with 'Kauff mann et aTTI 
(|2004f) results, we also examine the fractions in which 
void and wall galaxies of a given stellar mass host AGN. 
Using the exact definitio n of AGN samples employed by 
IKauffmann et al. I()2004[ ). we show these fractions in Fig- 
ure [3l separately for strong and weak [O III] line emit- 
ters. It is readily apparent that AGN activity at all 
levels is equally frequent among massive void and wall 
galaxies (log M^/Mq > 10.5), while at lower mass (log 
M,/Mo < 10.5), both strong and weak AGN are gener- 
ally more frequent in voids than in walls. The total frac- 
tion of massive (log M,/Mq > 10.5) galaxies with strong 
hues (i[oiii] > 10'^^ erg s~^) is 9% in walls and only 11% 
in voids, which is far from the 100% difference found by 
IKauffmann et al71 (|2004l ). On the other hand, for the 
log M^,/Mq < 10.5 galaxies, the fraction of strong-lined 
AGN in voids (2.8%) is twice as high as that in walls 
(1.4%). Figure [3] also shows the distributions of [O III] 
luminosities in objects of high and medium stellar mass 
ranges, separately for void and wall galaxies. Among the 
massive galaxies, only the low-accretion (log L[oiii]/erg 
s^^ « 37) systems appear marginally more frequent in 
voids than in walls, while all levels of AGN activity seem 
more common in voids than in walls among less massive 
hosts. 

To summarize, the environmental dependence of the 
rate of occurrence of the AGN phenomenon varies with 
the properties spanned by their hosts. Our compara- 
tive analysis conducted at fixed host properties shows 
clearly that nuclear accretion is more frequent in voids 
than in walls among moderately massive and luminous 
[Mr ~ -20, log M^/Mq < 10.5) hosts while it remains 
similarly common among massive, luminous {Mr < —20 
and log M*/M0 > 10.5) void and wall galaxies. These 
results show that accounting for host galaxy properties, 
i.e., luminosity and mass, is essential for understanding 
the environmental behavior of AGN activity; previous 
findings of roughly constant fraction of ga laxies hosting 
AGN across a wide range of environments ([Miller et al. I 
l2003l ) are justified because they are based on investiga- 
tions of bright galaxies {Mr < —20) only. 

3.4. Incidence of radio activity 

Scrutiny of potential differences in radio activity be- 
tween wall and void galaxies is of great interest for un- 
derstanding the environmental dependence of accretion 
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activity as radio observations overcome obscuration. The 
Faint Images of the Radio Sky at Twenty centi meters sur- 
vey (IFIRST: Becke r. White fc Helfand ifl995h offers the 
advantage of providing high angular resolution and sen- 
sitivity, and therefore is well suited for extracting infor- 
mation regarding galactic nuclear activity. 

We cross-matched the SDSS void and wall galaxy sam- 
ples described in Section [2] with the FIRST catalog of 
sources with flux densities exceeding 1 mJy at 1.4 GHz. 
The global census of SDSS void and wall galaxies that 
show radio activity at this level is surprisingly different 
in voids and walls. Table [3] lists the results of cross- 
matching statistics and a comparison of the vL^^lA 
GHz) measurements per galaxy type. Only 16 (1.6%) 
of void galaxies are brighter than 1 mJy at 1.4 GHz and 
they are all strong line emitters. Within walls, the frac- 
tion of objects with flux densities exceeding this limit is 
significantly higher: 308 objects (or 2.5%), about 80% 
of them showing line-emission activity. These calcula- 
tions indicate at greater than 2-cr that radio activity in 
the centers of galaxies is less common in voids than in 
denser environments. 

This trend is not equally shared by galaxies of differ- 
ent spectral properties. We note that none of the void 
Ls are detected in FIRST while a fraction as high as 7% 
of the wall Ls appear as FIRST sources. Seyferts and 
Ts show very similar, if not identical detection rates in 
FIRST in voids and walls; their corresponding fractions 
of FIRST detections account for 15%-20%, and 9%, re- 
spectively. Radio active H lis are slightly more com- 
mon in walls than in voids. While the difference in the 
FIRST detection rate between all void and wall galaxies 
is statistically significant, the variation of radio activity 
per spectral type remains ambiguous, particularly for the 
void AGN where the number statistics remain low. If a 
single void LINER were detected in FIRST, the fractions 
of void and wall Ls with radio activity would become in- 
distinguishable within the errors (5% within voids versus 
7% within walls). The level of radio activity also shows 
differences between the void and wall systems, with the 
wall ones being clearly more luminous at 1.4 GHz. A 
per type comparison remains however pointless because 
of the very small number of void galaxies with measur- 
able nuclear radio emission. We present, for reference, 
the vL^ilA GHz) luminosities in Table [3] as well. Note 
also that none of the void galaxies considered here would 
be considered radio loud; the highest radio luminosity 
among void galaxies is vL^{\A GHz) = 1.7 x 10'^'* erg 
s-\ or L^(1.4 GHz) = 3 x 10^2 W Hz"!. 

These measurements are consistent with previous in- 
vestigations of the large scale structure of radio sources, 
but reveal potential new features as well. In partic- 
ular, the fact that radio activity is enhanced in wall 
regions relative to voids is in line with evidence that 
radio loud galaxies are locally restricted to the super- 
galactic plane, avoiding the voids (e.g.. Shaver & Pierre 
1989). However, that the radio emitting Hii systems 
are less common, and probably weaker in voids than in 
denser regions, is at odds with previous indications of a 
diminution in the star forming activity with increasing 
local density, for both radio a nd optically selected star- 



forming galaxi es (iLewis et al. 2002; Go mez et al. I 
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Best II2OO4I : iDovle fc Drinkwater Il2006f ). Note that while 



these studies examine the overall star-formation activ- 
ity within galaxies, either through galaxy colors or Ha 
equivalent widths, our comparison refers to this kind of 
activity in centers of galaxies only. Thus, taken at face 
value, the discrepancy shown by our measurements might 
indicate that core star-formation activity shows some- 
what opposite environmental dependence trends relative 
to that occurring in the envelope; in lower density re- 
gions, star-formation activity seems weaker in the core 
but stronger in the envelope of galaxies. That color gra- 
dients might also depend on galaxy density, probably as 
strongly as star formation rate does, in the sense that 
galaxies in rarefied regions exhib it more bluer enve lopes 
than those in crowded environs (iPark et al. l[200l . ap- 
pear to support this idea. 

A possible explanation for this difference may be that 
the radio emission associated with nuclear star-formation 
activity is not entirely due to stellar activity, but it in- 
cludes an additional component. A possible such contri- 
bution may be an AGN that is heavily obscured, or its 
emission-line characteristics are swamped into the light 
of the host galaxy or the circumnuclear star-forming re- 
gions; note that the definition of the Hii class relies on 
optical line emission properties, and thus is not sensitive 
to obscured accretion. That AGN show possibly stronger 
radio emission in walls than in voids might thus suggest 
that the enhanced radio detection and emission in the 
wall H IIS comes from an accretion source that is heavily 
obscured. Although not detected in optical wavelengths, 
such an AGN would be revealed at radio frequencies. 
This picture seems supported by other studies; e.g., hy- 
drodynamical simulations of galaxy evolution processes, 
through merger events, predict that for a large fraction 
of the accretion time, the AGN (quasar) is heavily ob- 
scured, and that the intrinsic quasar luminosity peaks 
during an early merging phase, but it is co mpletely ob- 
scured in optical (je^.. Hopkins et al. Il2006( l. and galaxy 
spectral analyses indicate that much of the BH growth 
occurs in AGN with h igh amounts of dust extinction 
([e.g.. Wild et al. I [20071 ). We explore this idea further 
in the next sections where we compare accretion rates, 
obscuration level, and stellar properties of void and wall 
systems of different optical classifications. 

4. NUCLEAR ACTIVITY AND HOST PROPERTIES 

We explore here common traits and differences in the 
relation between nuclear emission-line activity and the 
host star-formation that void and wall galaxies of various 
spectral types may reveal. We gauge the properties of the 
void and wall emission-line galaxies by means of nuclear 
accretion rate, amount of fuel, and properties of their 
host stellar population. The parameters used in quanti- 
fying these characteristics employ emi ssion-line measure- 
ments and calculations described by iKauffmann et al71 
J2003a"n) . Our a nalys is is in some ways similar to 
IKauffman n et al71 (|2004l ). however, we concentrate here 
specifically on the least populated regions in the uni- 
verse, the voids. This work constitutes the first in-depth 
scrutiny of Seyferts, LINERs, Transition objects, and 
H IIS in these extreme environments. 

4.1. Accretion and Availability of Fuel 

Following IConstantin fc Vogelev I (|2006D . we investi- 
gate the accretion power in the wall and void active 
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galaxies in terms of both i[oi] ^-nd i[oiii]- While the 
[O III]A5007 emission is susceptible to stellar contami- 
nation, the [O I] A6300 line appears negligibly affected 
by this; in systems where star- formation dominates the 
ionization process, i.e. the H lis, [O III] is one of the 
most prominent features while [O I] is hardly measur- 
able. The [O I] and [O III] line fluxes are not simply a 
scale down (or up) of one another, the [O I]/[0 III] line 
flux ratio is significantl y hig her in AGN than in other 
line-emitting systems (.Heckman I llQSOt ) . Thus, particu- 
larly for H II and Transition objects, a comparison of the 
L[oi] and i[oni] based estimates of central accretion ac- 
tivity is an effective way of assessing the validity of these 
measures. Section 14.21 discusses this issue in detail. As 
proxy for the accretion rate we measure the Eddington 
ratio as quantified by log (ij^/cr^) and log (i[oiii]/'''^)i 
similar to lKewlev et al. I ()2006f ). We gauge the availabil- 
ity of fuel through estimates of the amount of intrinsic 
obscuration, expressed in terms of Balmer decrements 
Ha/H/3, and the density of the emitt ing gas rie, as give n 
by the [S II]A6716/A6731 line ratio (|Osterbrock Ill989f ). 
We compare these parameters for void and wall galaxies 
of different spectral types. 

Figure [4] illustrates how mean values in all of these 
parameters, calculated in bins of Afj., compare in void 
and wall galaxies of various spectral classifications. It is 
interesting to note the different environmental behavior 
that AGN hosted by bright {Mr < -20) and moderately 
bright {Mr > —20) galaxies exhibit. Among the mod- 
erately bright hosts, both LINERs and Seyferts tend to 
have lower accretion rates in voids than in walls, while in 
bright galaxies, on the other hand, the small fraction of 
void AGN activity (almost exclusively LINER-like) ex- 
hibits higher accretion rates. Another interesting feature 
revealed by this plot is a potentially close relation be- 
tween the rates of accretion (i.e., Eddington ratios) and 
the surrounding gas and obscuration: lower accretion 
rates in void AGN are invariably associated with lower 
Balmer decrements and gas densities, while higher accre- 
tion rates appear whenever the Balmer ratios are higher. 
While the statistical significance of each of these trends is 
only of order 1-cr, there is a quite obvious phenomenolog- 
ical continuity: these statistically-independent measure- 
ments systematically follow the pattern expected if the 
accretion rate correlates with the amount of dust and gas 
in their hosts, and thus probably with that of material 
available for accretion. 

The boost in accretion in the LINERs inhabiting 
brighter galaxies is an interesting finding and it is worth 
investigating its origin. Greater availability of accret- 
ing material can surely trigger such behavior. However, 
the origin of such an enhancement is not obvious, given 
that their fainter counterparts exhibit the opposite effect. 
One possibility would be that these systems have more 
material available for accretion simply because matter 
is more abundant here. Objects with stronger gravita- 
tional potential fields should be more capable of keeping 
the matter inside, against galactic winds built by the 
thermal pressure from supernovae, while low-mass sys- 
tems would eject their gas. Thus, a look at the mass 
of their inner black holes (A/bh) should shed some light 
on this issue. Interestingly, the comparison of their stel- 
lar velocity dispersions (cr*), as a measure of their A/bh 



(since A/bh « ct,, e.g., Ferrarese & Merritt 2000; Geb- 
hardt et al. 2000) shown in Figure |4] reveals that the 
void LINERs hosted by brighter galaxies have systemati- 
cally smaller mass BHs than similar wall galaxies. Thus, 
these particularly active accreting void systems do not 
have, as conjectured, higher binding energies, and con- 
sequently, they are not more powerful in cradling the 
material available for accretion. Another sensible way to 
produce the excess of material (i.e., dust) in or around 
the LINERs hosted by bright void galaxies is star for- 
mation. We explore this idea in the next two sections, 
both by comparing the [O I] and [O III] line emission and 
through measures of the age of the stellar population in 
these sources. 

4.2. [O I] vs. [O III] 

Because the [O I] and [O III] line emission mecha- 
nisms are differently affected by star-forming and accre- 
tion activities, the differences we see in these parame- 
ters between void and wall line-emitting galaxies may 
suggest some interesting connection between the two 
sources of ionization. Although [O III] is a very com- 
mon emission feature in star-forming galaxies, for the 
most luminous systems (log L[oiii]/erg/s > 40.5) this 
param eter appears to be a good measure of nuclear ac - 
tivity (Kauff mann et al. 112003^ iHeckman et al. II2004D . 
However, with the excep tion of very low Lfom] ob- 
jects, which ar e LINERs ()Constantin fc Vogelevl 120061 : 
iKewlev et al~l [20M) . any other sample characterized 
by log L[oni]/erg/s < 40.5 is heavily contaminated 
by objects with line flux ratios that better match an 
H li-like ionization than an accreting power source 
(jConstantin fc Vogelev 1120061) . On the other hand, [O I] 
is extremely weak in systems whose ionization is domi- 
nated by star-formation, thus [O I] emission is an impor- 
tant indicator of excitation due to accretion. The reason 
is that the [O I] emission line arises preferentially in a 
zone of partly ionized hydrogen, which can be quite ex- 
tended in objects photoionized by a spectrum containing 
a large fraction of high-energy photons, i.e., originating 
in accretion, but is nearly absent in galaxies photoionized 
by young, hot (OB) stars. Therefore, more vigorous star- 
formation activity would cause stronger [O III] emission, 
but should barely affect [O I]. Correspondingly, the [O I] 
emission is expected to be enhanced in systems where 
accretion is stronger. 

Interestingly, the analysis of the [O I] and [O III] line 
luminosities that we present in Section 14.11 shows that 
these two parameters compare remarkably well, reveal- 
ing exactly the same trends: both i[oi] ^-nd i[oiii] are 
slightly lower in voids than in walls in approximately 
the same amounts (0.3 dex for Seyferts and 0.5 to 0.9 
dex for fainter Ls). The standard deviation of the mean 
in log i[oiii] is, however, generally larger than that in 
[O I], thus diluting the significance of the trends in log 
L[oiii] with Mr- The larger scatter in i[oiii] is proba- 
bly caused by the contribution of star-forming activity to 
this line. Such a contribution is expected to be even more 
enhanced in void galaxies as they exhibit h igher specific 
star f ormation rates than their wall cousins (|Roias et al. I 
' 2005 !). Note also that for the LINERs hosted by void 
bright galaxies, which show also evidence for younger 
stellar populations (see Section 14. 3p . the enhancement 



8 



Constantin et al. 



in i[oiii] is larger than that in L[oi]; such a difference 
signals again contribution by star-forming activity to the 
[O III] line emission. Thus, particularly for void galax- 
ies, i[oiii] niust be used with caution when employed in 
estimating the accretion rate. 

4.3. Relation to Star Formation 

A variety of mechanisms have been suggested by which 
starbursts and AGN are physically related. An inter- 
esting idea is that the collapse of very massive stars 
can give rise to the seed black hole, which can be fed 
by stars either directly through tidal capture or indi- 
rectly through gas shed via stellar mass loss. Over time, 
the BH and its host galaxy grow in size, but proba- 
bly not in lock-step. Because more mass ive galaxies 



are le ss likely to harbor young stars fiKauffmann et al. 



2004 ) , and have more mass ive BHs ([Maeorrian et al. . 
1998HGebhardt et al. I [2000HFerrarese fc Merrit II2000D . 



it is believed that the mass of the BH might have direct 
consequences for star birth. Hydrodynamic simulations 
of gal axy mergers including black hole growth and feed- 
back (le.g.. DiMatteo et al. 1120051 iHopkins et al~1 120051 : 
iCroton et al. 1120061 ) demonstrate how energetic outflows 
caused by gas falling onto the central BH might self- 
regulate both BH growth and star formation in a galaxy 
by heating the avai lable gas and blow i ng it o ut, as previ- 
ously predicted by le.g.. Silk fc Reesi (|1998l ). or heating 
it up to temperatures that suppress clumping and col- 
lapsing into stars. Further star-formation is therefore 
repres sed as long as A/bh remains above a critical value 
(|e.g.. Sc hawinski et al. 2006;) . 

The regions least prone to galaxy-galaxy interactions 
or other disturbing events, the voids, are some of the best 
test beds of this scenario. We proceed in this section with 
a comparative analysis of the stellar population ages for 
various types of actively line-emitting galaxies in voids 
and walls. The strength of the 4000 A break (D4GGG) and 
the equivalent width of the US absorption line (Hi5a) pro- 
vide constraints on the mean stellar age of a galaxy and 
the fraction of its stell ar mass formed in bursts over the 
past few Gyr (Kauff mann et al~l l2003al). For the sake 
of comparis o n with previous wo rk ( Kauffmann et alTI 
I2003bl I200I iKewlev et an[200l . we use the measure- 
me nts of the stellar ch a racteris tics d erived and described 
bv iKauffmann et al. I ()2003a[ ) and 'Brinchm ann et alTI 
(|2004D. Figure [5] shows the results of this comparison, 
in bins of M^. 

Globally, the void systems exhibit younger collections 
of stars than those in walls: on average, i?4000 is simi- 
lar or slightly higher in walls than in voids regardless of 
the types of objects compared, however 116a is signifi- 
cantly lower (by ~ 30% in Seyferts, and ~ 60% in Ls) in 
the more crowded environments than in the underdense 
ones. This comparison supports previous indications of 
systemati cally youn ger galaxies in lower-density regions 
(jKauffma mi et al. 1 120041. Here we find that these trends 
extend to the most extreme underdense environments as 
well. We also show here that such differences are due to 
the different range of host properties spanned by the sam- 
ples that are compared: the younger mean stellar ages 
of void systems is a consequence of the general shortage 
of massive bright galaxies (i.e. the usual hosts of old 
stellar populations) in the underdense regions. The shift 
in the void luminosity function toward lower brightness 



galaxies is nicely documented in iHovle et al. I ()2005[ ). 

At fixed host brightness, the properties of the central 
stellar populations of void and wall galaxies are statisti- 
cally similar, however, there are exceptions. The bright- 
est {Mr < —20) void hosts of LINERs stand out as in- 
teresting peculiarities, as they are clearly associated with 
younger stellar populations (larger US a, smaller D4000) 
than those in walls. Recall that these void LINERs also 
show a peculiar boost in both accretion and amount of 
obscuration, which might indicate greater availability of 
fuel. Similarly, the fainter {Mr > —20) void hosts of 
LINERs, which show weaker accretion activity and sig- 
nificantly less obscuration, also show signs of older stel- 
lar emission (lower US a values). All these trends in- 
dicate that the strength of AGN activity is correlated 
with the age of the associated stellar population, in the 
sense that AGN activity is stronger when the surround- 
ing stars are relatively young (few Gyr old, corresponding 
to D4000 < 1.6, and Hi5a > 2), while weak AGN activity 
is associated with mean stellar ages that are invariably 
older than 10 Gyr (D4000 > 1.8, and RSa < 0). In other 
words, AGN activity and star-formation are somewhat 
coeval, and it is possible that the same reservoir of fuel 
is used in igniting these activities. Moreover, that the 
weak AGN harbor generally heavier (grown up) BHs and 
that they are routinely associated with lack of obscura- 
tion, low gas densities, and older stellar populations, may 
well be the consequence of the fact that star formation 
remains suppressed once the BH mass is large enough. 
Such trends are somewhat apparent among galaxies in 
general, however this comparison of the emission-line 
void and wall galaxies reveals them more explicitly. 

5. THE SMALL SCALE ENVIRONMENT: NEAREST 
NEIGHBOR STATISTICS 

A key point in investigating AGN in voids is under- 
standing at what scale, if at all, the environment affects 
accret ion activity. As shown by IConstantin fc Vogelev I 
(|2006f ). different types of galactic activity prefer different 
large scale structures; LINERs are most clustered, H lis 
are the least clustered, Seyferts and Ts are less clustered 
than Ls but more clustered than H lis. Dark matter 
density fluctuations are however important at all scales. 
In fact, because the fractional density fluctuations are 
largest on the smallest scales, any effect that depends on 
density will appear to be most strongly correlated with 
smaller than with larger scales. One would thus expect 
that the small scale climate also influences the strength 
and type of accretion or star-formation, and even the link 
between them. 

The rate of interaction is supposedly reduced in voids, 
and thus, an analysis of the effects of small scale environs 
on galactic activity is particularly instructive. In partic- 
ular, it is of interest to find out whether objects display- 
ing a certain type of activity are located in the highest or 
lowest density substructures within the most underdense 
environs, and whether AGN are associated or not with 
small groups within voids. To investigate these issues we 
measure the distance to the third nearest neighbor (dsnn) 
as a density indicator, and the distance to the first near- 
est neighbor (c?inn) as a measure of the probability of 
having close encounters. We measure c?inn separately for 
the volume limited sample, which thus counts only the 
bright {Mr < —19.5) neighbors, and for the whole (fiux 
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limited) sample, which adds fainter galaxies. We note 
here that a small number of close neighbors are missed 
due to the 55" minimum fiber separation; this fiber col- 
lision issue is however unlikely to affect significantly our 
comparative analysis of near neighbor statistics of void 
and wall samples as the effects should be nearly identical 
for all samples involved, and thus should cancel out. 

Table |4] lists the median values in these parameters 
for both void and wall systems of various spectral types, 
and Figure [S] illustrates how these parameters compare 
at fixed Mr . Because the definition of voids and walls em- 
ploys dsnn, all void galaxies have larger dsnn than those in 
walls. As expected, dsnn varies little among void galax- 
ies^, the median values are consistent with each other 
within I — a. It is interesting to note however an ap- 
parent tendency of increasing dsnn with host luminosity 
(Figure O; this suggests that, in voids, more luminous 
and therefore massive systems are less grouped than the 
fainter, less massive ones. 

Among the wall galaxies, c?3nn shows significant dif- 
ferences among objects of different spectral types, and 
trends that are opposite to those exhibited by void sys- 
tems: LINERs have the closest 3rd neighbor (with an 
average of 3.0 ± 0.1 Mpc), and thus the highest den- 
sity, while the H lis populate less dense regions within 
walls (their average d^nn ~ 3.6 Mpc). Seyferts 
and Ts show very similar values {d^nn ^ 3.3 Mpc), 
which are intermediate between LINERs and H ii galax- 
ies. These trends persist even when the samples are split 
in bins of Mr, and it is pretty clear that dsnn decreases 
with Mr (Figure [5]). Such findi ngs are consistent with 
the di fference in clustering that IConstantin fc Vogelev I 
(|2006D reveal, with LINERs being the most clustered ac- 
tive galaxies, Seyferts showing lower clustering amplitude 
and H lis being the systems that are the least clustered. 
Note however that the clustering analysis involves auto- 
correlations of each type of these emission-line objects, 
while the nearest-neighbor analysis cross-correlates each 
type of object with the full population of galaxies. 

Distance to the nearest galaxy, di^m rnay be impor- 
tant in assessing whether or not interactions are impor- 
tant in triggering nuclear activity in galaxies. The dinn 
measurements generally reinforce the behavior shown by 
dsnn but also show some peculiar trends. When mea- 
sured within the volume limited sample, dinn indicates 
that, in voids, LINERs and Seyferts are closer to their 
bright neighbors than the H lis while Ts show a some- 
what intermediate behavior. Kolmogorov-Smirnov tests 
are consistent with clear differences in the distributions 
of H IIS and LINERs, (the probability that the dinn dis- 
tributions of these two samples share the same parent 
population is Probnii-L = 0.017). When fainter neigh- 
bors are counted, in the magnitude limited sample, the 
likelihood of having close neighbors is very similar for 
all types of void emission-line systems. In walls, LIN- 
ERs have the closest neighbors, both faint and bright, 
while H IIS are the farthest away from any galaxy. These 
trends suggest that actively star-forming systems prefer 
the densest sub-regions in voids and the most rarefied 

^ The fact that we only see small variation in dsnn in voids is not 
surprising. In these regions, we are measuring distances > 7h~^ 
Mpc, and hence, we are looking at quite large smoothing scales 
where the rnis density fluctuations are smaller than on the scales 
where dsnn is measured in walls. 



neighborhoods within crowded environs, while the sys- 
tems in which accretion is strong enough to be detected 
is generally associated with a grouped small-scale envi- 
ronment. 

The comparison of these distances in bins of Mr, as 
shown in Figure \6\ may explain these particular trends. 
For all three measures of density, and in particular for 
dsnn, the differences between void and wall galaxies of 
given brightness is greater for the more luminous objects: 
the brighter a galaxy is, the more isolated it seems to be 
in voids, while the most "connected" in walls. Along 
these trends, H lis, which are generally fainter than 
other types of objects, occupy more crowded void sub- 
environments but more rarefied regions in walls, while 
LINERs, which inhabit generally bright hosts, are the 
most isolated in voids and the most grouped in walls. 

That more luminous galaxies appear to prefer more 
crowded regions within walls is consistent with previous 
results that more luminous systems are more clustered 
(on large scale). However, their tendency to be more iso- 
lated within voids is a new and surprising finding. This 
observation suggests that while the small scale environ- 
ment may influence the intrinsic properties of their in- 
habitants (e.g., Mr), the dynamics that determine the 
large scale structure (e.g., expansion versus contraction) 
are equally important as they influence the likelihood for 
interaction, and thus the type of galactic nuclear activity. 

It is important to note that both dinn and d^nn address 
the embedding of the AGN hosts and other galaxies in 
dark matter halos, however, at different scales: dinn, of 
order 1.5 Mpc h~^ in walls and about three times higher 
in voids, examines neighbors that may lie within the same 
dark matter halo, while d^nn, which is ~3 Mpc h~^ in 
walls and ~8.5 Mpc h^^ in voids, measures the large 
scale environment traced by multiple halos. Uncertainty 
in the dinn measure arises because of (1) the fiber colli- 
sion problem and (2) peculiar velocities along the line of 
sight. Both effects will tend to increase dinn by removing 
a few close neighbors and by spreading virialized systems 
along the line of sight, respectively. Thus, the dinn val- 
ues in walls, where dinn is small enough to be affected by 
both systematics, may be overestimates. In voids, these 
systematic effects go in the same direction, however are 
likely to be smaller, because the density is much lower. 
The dsnn measurements are likely to be affected by these 
biases in a similar manner, however much less. These 
arguments indicate thus that our conclusions can in fact 
be stronger. In particular, the differences in dinn could 
certainly not be caused by systematic effects, and are 
generally underestimated. Moreover, the comparison be- 
tween types of active galaxies in voids and walls should 
be hardly affected, as the spectral classification and near 
neighbor statistics are completely independent analyses. 

To summarize, the youngest, actively star-forming, 
fuel-rich systems, i.e., the H lis, appear in weakly 
grouped environments, that are the densest regions 
within voids and the rarefied ones within walls. On the 
other hand, the most common type of AGN activity (i.e., 
LINER-like), which is relatively feeble and associated 
with old massive evolved hosts, shows a peculiar pref- 
erence for the most clustered wall substructures and the 
emptiest among voids. This trend argues against a major 
role played by close encounters or mergers in triggering 
or sustaining their activity. Interestingly, the most active 
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AGN (Seyferts and Ts) prefer the relatively low den- 
sity wall sub-environments and the somewhat grouped 
void ones; this is a behavior that is intermediate between 
those manifested by LINERs and H lis. 

6. conclusions and discussion 

6.1. Summary of Results 

We use the largest sample of voids and void galaxies 
yet defined to investigate the galactic nuclear accretion 
phenomenon in the most underdense regions, in relation 
to their more populous counterparts. By employing spec- 
troscopic and photometric data based on the SDSS DR2 
catalog, and in particular measurements available in the 
Garching catalog, we conduct a comparative analysis of 
void and wall systems of different radiative signature. 

We find that all types of Low Luminosity AGN ex- 
ist in void regions. However, their occurrence rate and 
intrinsic properties show variation from their wall coun- 
terparts. The differences between the wall and void AGN 
seem to be driven by the properties of their hosts, which 
are correlated with (or governed by) their small scale en- 
vironment. Following is a summary of our main results: 

(i) Among moderately bright or fainter galaxies (10 < 
log{M^/MQ) < 10.5, Mr > -20), the rate of occurrence 
of AGN is higher in voids than in walls. The most com- 
mon accretion activity in voids is of medium power, with 
-^[Oiii] ~ 10'^^ erg s~^. For the more luminous massive 
hosts, due to small number statistics, the relative preva- 
lence of accretion activity in voids versus walls remains 
poorly constrained. 

(ii) The majority of void AGN, which are hosted by 
Mr > —20 galaxies, have the tendency to accrete at lower 
rates than in those in walls. This behavior seems related 
to the fact that the void systems show less obscuration 
and, perhaps, less dense emitting gas. That the stellar 
populations associated with void and wall AGN are sim- 
ilarly aged suggests that fuel might be equally available 
for accretion in void and wall galaxies of similar prop- 
erties (i.e., Mr), but that fuel is less efficiently driven 
towards the nucleus in void galaxies. 

(iii) The few void AGN hosted by bright, massive 
galaxies {Mr < -20, log M^/Mq > 10.5) are LIN- 
ERs that show peculiarly higher accretion rates, larger 
amounts of obscuring matter and more recent star- 
formation than in their wall counterparts. These par- 
ticular systems reinforce the general trends other objects 
show: higher accretion rates are invariably associated 
with younger stellar populations and higher obscuration. 
These trends suggest that the amount of obscuration 
could be a measure of the available fuel for both star 
formation and accretion. 

(iv) The radio activity of line-emitting galaxies appears 
both less frequent and weaker in voids than in walls. 
Were we able to support these differences with statis- 
tically significant measurements, they would imply that 
central radio activity in wall systems, including H lis, is 
more pronounced because it builds on contributions from 
accretion that remains optically obscured and therefore 
undetected. 

(v) Nearest neighbor statistics show that the type of 
emission-line activity is correlated with the small-scale 
local environment. The star-forming regions (the H lis), 
populate the most crowded sub-regions of voids while 
populating relatively sparse regions in walls; both are 



environments where low-mass galaxies recently formed. 
The weakly active galaxies (LINERs) live within the clus- 
ters in walls but the most rarefied regions in voids. This 
finding is puzzling and suggests that these systems, which 
are generally old, were probably not aware of their envi- 
ronments when they formed. Actively accreting systems 
(Seyferts and possibly the Ts) inhabit intermediate re- 
gions, which are relatively dense galaxy neighborhoods 
in voids but are of average density in walls. 

(vi) These correlations among the type and strength 
of galactic nuclear activity, incidence rates of different 
types, and their small and large scale environments, 
suggest an H ii—>S/T—> LINER evolutionary scenario in 
which interaction is responsible for propelling gas to- 
wards the galaxy centers, triggering star formation and 
feeding the active galactic nucleus. 

6.2. The H ii^S/T->LINER Evolutionary 
Sequence 

Figure [7] illustrates how various intrinsic and host 
properties of actively line-emitting galaxies follow this H 
II— >S/T^LINER sequence. The early stages of such ob- 
jects manifest themselves as H ii, as the accreting source 
remains heavily embedded in dust. As the star-burst 
fades in time, the dominance of the Seyfert-like excita- 
tion in systems of generally small but actively accreting 
black holes becomes more evident. Successive evolution 
reveals aging stellar populations associated with objects 
spectrally classified as Transition objects, that are still 
showing signs of accretion, followed by LINERs, whose 
stars are predominantly old and whose accretion onto al- 
ready grown-up BHs is close to minimal. Note that this 
H II— >S/T^LINER progression is very similar in walls 
and voids. The lower accretion rates and the higher fre- 
quency of actively accreting systems in void versus wall 
galaxies of similar properties indicate a potential delay 
in the AGN dominance phase within voids. Thus, void 
AGN progress through the H ii^S /T^LINER sequence 
more slowly, while the sequence is similar for both void 
and wall galaxies. This picture fits well the observed 
properties of each type of galaxy nucleus: 

• That H ii-type of activity is significantly more fre- 
quent in voids than in walls suggests that their 
void- like environments, in which they have closer 
(both 1st and 3rd) neighbors than other types of 
objects have, are essential in triggering their activ- 
ity. In other words, close encounters that produce 
either harassment, or major and/or minor merg- 
ers may be an important cause for igniting both 
accretion and star formation. 

• Seyferts' environments in both voids and walls are 
intermediate between those of H lis and LINERs, 
regardless of their brightness. If the Seyfert-like 
activity is triggered by interactions, probably the 
same ones that turn on the H lis, there must be 
a time lag between the onset of the star-burst and 
when accretion becomes dominant, or simply ob- 
servable. Such a time interval corresponds to a 
period of aging of the stellar population (as seen in 
the differences in _D4000 and H(5a between H lis 
and Seyferts), when the post starburst fuel be- 
comes increasingly available for accretion. More- 
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over, this progression develops relatively uninter- 
rupted in voids, and therefore, possibly, at a slower 
pace than it would in walls where close encounters 
or other types of interactions can either accelerate 
or terminate it. 

• Void and wall Ts are barely distinguishable in their 
physical characteristics. In both voids and walls, 
their nn-statistics and intrinsic and host proper- 
ties are intermediate between those of LINERs and 
H IIS, for any given range of Mr- Their BHs 
are apparently growing (their accretion activity is 
stronger than that of Ls but weaker than that of 
Seyferts), their fuel supply seems plentiful (they 
are found in some of the most obscured systems), 
and they are associated with (quite massive) stel- 
lar populations that are generally younger than 
those of LINERs, but older than the majority of 
star-forming systems. It is among Ts however 
that the most massive void accreting BHs are ob- 
served; this might suggest that, in the proposed H 
ii^S/T^LINER sequence, massive void galaxies 
reach the low accretion rate (i.e., LINER) phase 
later than in walls. 

• Whether Seyferts or Transition objects are first in 
this sequence remains ambiguous. Both their in- 
trinsic properties and nn-statistics are very sim- 
ilar, and remain intermediate between those of 
H IIS and LINERs. The Ha/H/3 Balmer decre- 
ments and the dinn are the only parameters 
that show a "jump" in the otherwise smooth 
H II— >S-^T^LINER sequence manifested by other 
properties of these systems. Further investigations 
of these objects should address the differences be- 
tween them in terms of a possible evolutionary pro- 
gression. 

• Although we do not provide any quantitative esti- 
mates of the time spent in or during the various 
phases we propose here, this this analysis shows 
that both void and wall galaxies follow the same 
cycle. The AGN evolution does not affect the grav- 
itational environment. To the contrary, it is the 
environment that sets the time scale for evolution 
along such a sequence; it seems to take longer to 
march through the different phases in voids than in 
walls, but the physics is the same. The large scale 
clustering is consistent with this picture: LINERs 
are now more clustered because objects in dense re- 
gions underwent the H ii— >S/T^LINER evolution 
more quickly; the higher rate of galaxy-galaxy in- 
teractions speeds up the way AGN proceed through 
the sequence. Hosts whose central regions are now 
in the H ii phase will always be less clustered than 
current LINERs. 

Although far from being complete, this proposed 
evolutionary sequence is engaging and offers a com- 
prehensive picture for the co-evolution of AGN and 
their host galaxies. The broad idea that merg- 
ers trigger star formation and that the AGN ap- 
pears afterwards, in fact shutting off the star forma- 
tion because of feedback, has been discussed previ- 
ously in the literature. For example, N-body simu- 



lations by iBvrd et al71 (|1986[ ) and iHernquist k Mihos I 
()1995D showed that interactions drive gas toward the nu- 
cleus and can produce intense star formation followed 
by an AGN. More recent state-of-the-art hydrodynami- 
cal models (le.g.. DiM atteo et al. Il2005t ISuringel et al. I 
120051 iHopkins et al. ■ ,2005i : le.g.. Hopkins et al. I l2006( l 
show that during mergers, the BH accretion peaks con- 
siderably after the merger started, and after the star- 
formation rate has peaked. However, whether early 
bright quasars and later, dimmer AGN obey similar 
physics needs still to be addressed. The H ii^S/T— >L 
sequence that this study reveals, based on the smooth 
alignment of several of their spectral properties, may be 
the first empirical evidence for an analogous duty cycle 
in high redshift bright systems and in nearby galaxies 
hosting weak quasar-like activity. 

This scenario can also accommodate the rather in- 
conclusive findings regarding the role of mergers in ac- 
tivati ng AGN: their hosts do not show evidence for 
bars (|e.g.. Mulcheav fc RegaJll997t iLaine et al.1l2002f l 
or disturbances caused b y galaxy-galaxy interactions 
(|e.g.. Malkan et alTI I1998D . exhibit morphologies very 
similar to those of field galaxies (jde Robertis et alH 
Il998ai rbl). and pair counting in both optical and IR 
remain inconclusive as possible excess of companions 
are s ometimes found (.Dahari , .1984i: .R afancUi et al.] 
19951) ■ but not alway s (iFuentes- Williams fc Stockc 198^; 
Laurikainen fc Salo I [19951 ). Moreover. ISchmitt . (200l1 . 
2004f ) show that claims of evidence of interactions in the 
literature could be attributed to selection effects. The 
H ii^S/T— >LINER cycle suggests that the majority of 
AGN might be detected only a certain period after the 
interaction, allowing time for the starburst to fade and 
for the BH accretion to gain strength. 

One might argue that that other forms of evolution 
could also exist for these emission-line galaxies, as op- 
posed to this simple progression. We note that this pro- 
posed sequence does not imply that every HII galaxy at 
the present epoch must necessarily become a LINER; it 
is certainly possible that some systems go through H ii- 
only phases, or L-only phases, which might not be part 
of the larger progression. 

We would however like to emphasize that the 
timescales necessary to transform from one galaxy type 
to the next are quite reasonable. At a first glance, 
this is somewhat surprising given the relatively large 
range in BH masses (2 x 10'' M0 for H lis, to 2 x 
IO^Mq for LINERs, inferred from (t*'s assuming, e.g., 
Tremaine et al. 2002), and their significantly low ac- 
cretion rates {L/L^dd ^ 0.005; see Figure U\ and note 
that log L [QUI] /cr^ = — 1 corresponds to approximately 
L/L^dd = 0.05, according to Kewley et al. 2006); appar- 
ently, for a canonical value for the accretion efficiency, 
i.e., 10%, it takes approximately a Hubble time to e-fold 
in BH mass. The key is in the fact that the low lu- 
minosity AGN accrete inefficiently, as very little energy 
generated by accretion is radiated away (the optically 
thin cooling time of the gas is longer than the inflow 
time). Studies show that, in th ese cases, the radiative 
efficiency can b e as low as 10~^ (le.g.. Rees et al. II1982I : 
iNaravan fc YTI 11994 iQuataert I [20031). With a (not a 
necessarily extreme) efficiency value of 10~^ then, the e- 
folding time in the BH mass is « 4.5 x 10^/^ years, and 
thus, as httle as few Myrs for, e.g., I = L/L^dd = 0.0005. 
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This (not necessarily extreme) example shows then that 
such an evolutionary scenario is actually physically pos- 
sible. 

The peculiarity of LINER environments is a new and 
intriguing result and clearly shows that this type of ac- 
tivity is not controlled by its surrounding environment. 
Galaxies hosting LINERs could be associated with high 
initial density peaks in the dark matter distribution, 
which evolved subject to their large scale environment. 
Being generally massive systems to start with, LINERs' 
hosts would be prone to accreting material around them. 
In voids, this "cleaning" enterprise would contribute to 
emptying the already rarefied neighboring space, leaving 
little or insufhcient material for future formation of (mas- 
sive, bright) galaxies; they would thus end up in the most 
underdense void neighborhoods. In walls, and in partic- 
ular within clusters, accretion of surrounding material 
would make a small difference as the matter density is 
higher. Simulations of dark matter halos and correlations 
with the properties of their inhabiting galaxies should be 
able to address these ideas. 

Further tests of this H ii^S/T^LINER evolutionary 
scenario are clearly needed. These tests require larger 
samples that allow separation into different morpholog- 
ical subsamples, and observables that parametrize the 
galaxy morphology better than the concentration index. 
Moreover, we need better constraints on the BH masses 
and consequently the Eddington rates for the H lis in 
particular, or the late type galaxies in general. When 
available, analysis of such parameters would shed light on 
the assumed coevality of star-formation and Scyfcrt-like 
BH accretion in centers of galaxies, removing ambigui- 
ties regarding the initial stages of the H ii^S/T^LINER 
progression. 



SPECIAL NOTE: During the review process of this 
paper, we became aware of another piece of work which 
introduces the same idea of an evolutionary sequence, 
"from star formation via nuclear activity to quiescence" 
(jSchawinski et al71l2007[ ). Interestingly, although their 
general approach, analysis, and samples used, are quite 
different from ours, the measurements on which the ev- 
idence for a "star-forming, transition object, Seyfert, 
LINER" sequence is built shares a common set of param- 
eters with those used in our analysis: stellar velocity dis- 
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persions, ages of starbursts, and reddening. The global 
frame in which this evolutionary sequence in presented 
is however definitely different. While Schawinski et al. 
take a step forward toward understanding this possible 
time sequence among early-type galaxies and provide an 
in-depth analysis of the possible time scales involved in 
this picture, our paper offers a broader perspective on 
how such an evolutionary sequence constrains the galaxy 
evolution models as we provide important links to the 
environment. 
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TABLE 1 
Object Sample Statistics. 
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voids 
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walls 


Sample 




Fraction* 


Nobj 


Fraction'' 


Emission-line 


424 


42.6% 
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...Seyfert 


13 
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...LINER 
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...Transition 


53 


5.3% 
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6.4% 


...H II 
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32.8% 


2610 


20.8% 



^ Fraction of all 996 void galaxies.'' Fraction of all 12153 
wall galaxies. 
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TABLE 2 
Host Properties 





Mr 








Sample 


void 


wall 


void 


wall 


Seyfert 


-19.8±0.1 


-20.2±0.1 


2.8±0.1 


2.67±0.03 


LINER 


-20.2±0.2 


-20.7±0.04 


2.96±0.05 


3.00±0.02 


Transition 


-19.7±0.1 


-20.2±0.03 


2.67±0.04 


2.70±0.01 


H II 


-19.26±0.05 


-19.59±0.02 


2.38±0.01 


2.34±0.01 



Note. — Central values are medians of parameters listed in the 
header. Errors are the standard deviation of the median (= 1.253 X 
Cmoan, assuming Gaussian distributions; Lupton 1993). 
^ The Concentration index (C) is defined by the ratio C = r90/f'50, 
where r90 and r50 correspond to the radii at which the integrated 
fluxes (in r-band) are equal to 90% and 50% of the Petrosian flux 
respectively. 



TABLE 3 

Radio PRorEHTiE^ 



JVoi,j (Fraction)'^ vL^ (1.4GHz)fa 



Sample 


void 


wall 


void 


wall 


Seyfert 


2 (15%) 


38 (20%) 


0.9±0.1 


4.1±1.8 


LINER 


(0%) 


35 (7%) 




6.9±1.5 


Transition 


5 (9%) 


74 (9%) 


1.6±0.7 


3.7±1.2 


H II 


9 (2.7%) 


91 (3.4%) 


0.9±0.2 


1.6±0.1 



* counts of sources with FIRST detections at the flux den- 
sity threshold of Imjy at 1.4 GHz.'' in units of 10^* erg 
s^^. Central values arc medians and errors are the standard 
deviation of the median. 



TABLE 4 
Nearest Neighbor (nn) Statistics 







(ill 


an 


dinn, whole sample 


Sample 


void 


wall 


void 


wall 


void wall 


Seyfert 
LINER 
Transition 
H II 


8.4 ± 0.7 
8.6 ± 0.4 
8.3 ± 0.4 

8.5 ± 0.1 


3.1 ± 0.1 
2.7 ± 0.1 
3.0 ± 0.1 
3.36 ± 0.04 


5.8 ± 0.9 

5.9 ± 0.6 
4.8 ± 0.4 
4.4 ± 0.2 


1.6 ± 0.1 
1.34 ± 0.05 
1.77 ± 0.05 
1.85 ± 0.03 


2.8 ± 0.8 1.1 ± 0.1 
2.1 ± 0.7 0.92 ± 0.05 
2.8 ± 0.4 1.02 ± 0.04 
2.0 ± 0.2 1.07 ± 0.03 



Note. — Central values are medians of distances to the 3rd and 1st nearest neighbor, in units 
of /i~^Mpc. Errors are the standard deviation of the median. The first two columns indicate 
measurements for objects in the Mr < —19.5 volume-limited sample only. The whole sample 
includes all objects with 14.5 < rur < 17.7, and thus adds intrinsically faint sources. 
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Fig. 1. — Diagnostic diagrams for emission-line galaxies in voids and walls, for objects with relatively high (> 2) signal-to-noise 
line flux measurements. With the exception of void and wall Seyferts, and void LINERs and Transition objects, which are plotted 
individually, object types are shown in density contours corresponding to factors of n of the total number of objects in each class, where 
n = 0.1,0.2,0.3,0.5,0.7,0 .9 starting from outermost contour. The solid and dashed black curves illustrate the Kewlcy et al. (200j}_and 
IKauffmann et al. 1 112003d) separation lines, the b lue diagonal lines illustrate the separation between Seyferts and LINERs bv iKewlev et al. I 
l|2006l ). while the green dotted lines indicate the I Ho et aT71 ()1997al ) classification criteria. 
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Fig. 2. — Left: Fractions of void and wall galaxies that are spectroscopically classified as Seyferts, LINERs, Transition objects, and 
H IIS, as a function of their r-band absolute magnitude (M,-) and their concentration indices (C). Right: Median values for C and (dust 
corrected) stellar mass (log M-t/MQ) in bins of 0.5 mag of Mr, separately in voids (black) and walls (gray). Error bars are shown only for 
bins that include at least two objects. 
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Fig. 3. — Left: Fractions of galaxies containing strong and weak AGN, with log iioillj/C^rg s ^) higher and lower than 39 respectively, 
plotted as a function of stellar mass, for voids (black) and walls (gray). Right: Comparison of void and wall distributions in [O III] line 
luminosities of objects with potential contribution from accretion (Ss + Ls + Ts), shown separately for two ranges in the host stellar mass. 
The [O III] luminosities have been corrected for internal dust attenuation as described in the text, and are expressed in erg s~^. 
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Fig. 4. — Mean values of cr*, log L^Q^/a'^ and log I/[oiii]/'''^ (two proxies for the accretion rate), the Balmer decrement Ha/H/3, and the 
[S II]A6716/A6731 line ratio, measured in bins of 0.5 mag of Mr, for galaxies in voids (black) and walls (gray). The error bars represent the 
standard deviation of the mean. Data are shown only for bins that include more than 2 objects. Each row of plots represents a different 
subclass of objects, as indicated. The line luminosities have been corrected for internal dust attenuation, and are expressed in erg s~^; the 
stellar velocity dispersions cr* are in km s~^. 
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Fig. 5. — Mean values of the 4000 A break (_D4000) and the equivalent width of the H5 absorption line (KSa), two independent measures 
of the mean stellar population ages. Symbols and errors are as in Figure |4] Note that with the exception of LINERs hosted by bright void 
galaxies which have younger stellar populations than their wall counterparts (smaller D4000 and larger US a values), the star- formation 
histories in void and wall galaxies are very similar. 
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Fig. 6. — The 3rd and 1st nearest neighbor statistics averaged in Mr bins. Symbols and colors are as in Figure |4] The tendencies 
shown by the median values are preserved for all brightness ranges: LINERs are furthest from other bright galaxies in voids, but have the 
nearest neighbors when they live in walls. 
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Fig. 7. — Trends of galaxy properties in voids (black) and walls (gray) along the H II-^S/T-^L sequence described in the text: accretion 
rate, as expressed by i/LBdd) estimated based on both log L[OT\/af and log L[011l]/at, BH mass, as given by c*, stellar mass, star 
formation rate (or youngness of the associated stellar population) , and level of obscuration. Data points represent individual measurements 
while square boxes indicate median values of subsets of objects separated in four bins in Mr; the size of each square scales with the 
respective median Mr- The bottom panels show, for comparison, the distances to the nearest 3rd and 1st (bright) neighbors. 



